We consider the SU(2) Glasma with gaussian fluctuations and study its evolution by means of classical Yang-Mills equations solved numerically on a lattice. Neglecting in this first study the longitudinal expansion we follow the evolution of the pressures of the system and compute the effect of the fluctuations in the early stage up to t ≈ 2 fm/c, that is the time range in which the Glasma is relevant for high energy collisions. We measure the ratio of the longitudinal over the transverse pressure, PL/PT , and we find that unless the fluctuations carry a substantial amount of the energy density at the initial time, they do not change significantly the evolution of PL/PT in the early stage, and that the system remains quite anisotropic. We also measure the longitudinal fields correlators both in the transverse plane and along the longitudinal direction: while at initial time fields appear to be anticorrelated in the transverse plane, this anticorrelation disappears in the very early stage and the correlation length in the transverse plane increases. On the other hand, we find a dependence of the gauge invariant correlator on the longitudinal coordinate which we interpret as a partial loss of correlation induced by the dynamics, that we dub the gauge invariant string breaking. We finally study the effect of fluctuations on the longitudinal correlations: we find that string breaking is accelerated by the fluctuations and waiting for a sufficiently long time fluctuations lead to the complete breaking of the color strings.
I. INTRODUCTION
The study of the initial condition of the system produced by high energy collisions and of its evolution to a quark-gluon plasma (QGP) is one of the most difficult but interesting problems related to the physics of relativistic heavy ion collisions (RHICs), as well as to that of high energy proton-proton (pp) and proton-nucleus (pA) collisions. If the energy of the collision is very large then the two colliding nuclei in the backward light cone can be described within the color-glass-condensate (CGC) effective theory [1] [2] [3] , see [4] [5] [6] [7] for reviews: because of Lorentz contraction along the flight direction the nuclei appear as thin sheets of a colored glass, in which the fast partons dynamics is frozen by time dilatation and these degrees of freedom act as static sources for low momentum gluons: their large occupation number allows to treat them as classical fields, in particular as transverse color-electric and color-magnetic fields.
Immediately after the collision the situation changes quite drastically. As a matter of fact, the solution of the classical Yang-Mills (CYM) equations in the forward light cone shows that new fields are formed [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , because of the non abelian interaction of the two CGC sheets: these fields are called the Glasma [11] and are * Electronic address: ruggieri@lzu.edu.cn characterized by having, at initial time, nonvanishing longitudinal components while the transverse components are zero. The Glasma fields connect the effective color charges that are formed on the transverse plane of the two colliding nuclei after the collision, which are opposite on the two light cones x 0 = ±x 3 as it should be in order to generate longitudinal fields [11] . These fields are classical since they are characterized by a large gluon occupation number, typically A a µ 1/g with g the QCD coupling. The classical theory that describes the evolution of these fields is named the Classical Yang-Mills (CYM) theory.
On the top of the Glasma it is possible to add quantum fluctuations [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] which are known to trigger plasma instabilities and are helpful to produce entropy during the early stage of high energy nuclear collisions. Quantum fluctuations appear when one considers the finite coupling corrections to the Glasma solution which is obtained in the small coupling limit; the spectrum of these fluctuations has been computed within a perturbative calculation in [24] and it has been shown that they affect both the gauge potential and the color electric field. Although quantum in nature, it is interesting to study what are the predictions of the CYM theory on the evolution of the system made of a Glasma plus the fluctuations, although the application of the classical theory is justified only if the amount of fluctuations is small in comparison with the background classical field. In this article we will follow [20, 21, 23, 29] and we will consider for the sake of simplicity the fluctuations of the color electric field
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only, neglecting those of the gauge potentials that will be considered in future works.
We present here some result on the role of classical fluctuations on the isotropization of Glasma. The quantity that we will consider for this problem is the ratio of the longitudinal over the transverse pressures, P L /P T , which has been the subject of studies on the onset of the hydrodynamical regime in the early stage of relativistic nuclear collisions [20-22, 24, 26, 27, 33-35] . We consider here the Glasma in a three-dimensional static box with periodic boundary conditions, neglecting for simplicity the longitudinal expansion that will be considered in a next work: the longitudinal expansion is necessary to describe the early stage of the system created in realistic collisions but focusing on the static box allows for a clear intepretation of the physical results without the complication of the dilution of the fields.
We will follow closely the work of [23] in which gaussian fluctuations have been studied in relation to entropy production, but almost no emphasis has been put on isotropization. Moreover, our work has some link to [19] in which a similar problem has been considered but within a simplified model of fluctuations. Instead of insisting to study the evolution of the system up to very late times as in [19, 23] we will focus on the very early stage, which is the only time range in which the description based on CYM has some phenomenological interest for high energy nuclear collisions.
We can anticipate one of our results, namely that as long as fluctuations carry a not so large part of the initial energy of the Glasma, their impact on the evolution of the longitudinal over transverse pressure is marginal in the early stage. This result will hardly be modified by the longitudinal expansion because it is known that the latter can only lower the amount of isotropy as well as delay the isotropization [27] . We also find that increasing the amount of energy carried by the fluctuations it is possible to obtain a fairly isotropic system within a short time range: most likely this is due to the saturation of the instabilities as mentioned in [19] [20] [21] [22] . Due to our limitated computing power we do not perform long time running simulations here, therefore we are not able to put a firm statement on the fact that instabilities rather than a collisional dynamics lead to the quick isotropization in cases with substantial fluctuations: in this article we limit ourselves to present few results about the isotropization (or missed isotropization) in the early stage and how the fluctuation size affects the evolution of P L /P T , leaving more specific studies to a near future work.
Besides the pressures there are other quantities that are interesting to understand the evolution of the color fields produced in high energy nuclear collisions: correlation functions of the classical color fields represent an example of these . The correlators have been studied in several articles before [18, 36, 37] and it has been shown that at τ = 0 + the Glasma presents a very short correlation magnetic length, λ M Q s 1: this means that a description of the initial stage in terms of uncorrelated color strings is appropriate. Moreover, the investigation of the gauge invariant magnetic correlators shows that for Q s x T 1 the Glasma fields present anticorrelation, which roughly speaking implies that in domains of transverse area A T ≈ Q 2 s the magnetic field flips its sign [37] . On the other hand, for τ = O(1/Q s ) the anticorrelation disappears and the correlation length increases: the interaction tends to align the magnetic field and to correlate the fields in domains with A T ≈ Q 2 s . Another problem that we study in this article is the impact of fluctuations on the evolution of the field correlators. Once again we consider only the static box case: the longitudinal expansion can dilute the correlators but cannot affect drastically their structure in the transverse plane, that is the one we consider here. Also in this case we can anticipate our main results, namely that fluctuations do not change drastically the picture described above. Another novelty that we bring here is the study of the longitudinal correlation functions: these are important to understand if and how the color strings experience some loss of correlation along the longitudinal direction during the CYM evolution. We anticipate our main result on this, namely that even in absence of fluctuations the evolving Glasma experiences a partial loss of correlation on the long distance within a very short time. We call this as the gauge invariant partial string breaking. We dub this as the partial string breaking since we find some residual correlation also at large distance for g 2 µt 10, although this correlation is smaller than the one we have at a very small distance; moreover, we specify that this is gauge invariant since it is related to the calculation of the gauge invariant correlation function, while the naive gauge dependent correlator would be z−independent at any time. We also study the effect of fluctuations on the longitudinal correlations: we find that string breaking is accelerated by the fluctuations and waiting for a sufficiently long time fluctuations lead to the complete breaking of the color strings.
The plan of the article is as follows: in section II, we review the initial condition that we implement in the calculations, as well as the spectrum of the fluctuations and the CYM equations that we solve to study the evolution of the Glasma. In section III, we present results about pressures evolution with and without fluctuations. In section IV, we discuss the correlation functions of the Glasma fields in the transverse plane. Finally, in section V we draw our conclusions.
II. GLASMA AND CLASSICAL YANG-MILLS EQUATIONS
In this section we briefly review how the Glasma is built up within the McLerran-Venugopalan (MV) model [1] [2] [3] 38] and gaussian fluctuations are added on the top of it, then how this initial condition is evolved by means of the CYM equations.
A. The Glasma
In the MV model, the color charge densities ρ a that act like the static sources of the CGC fields in the two colliding nuclei are assumed to be random variables that are normally distributed with zero mean and variance specified by the equation
a and b denote the adjoint color index; in this work we limit ourselves for simplicity to the case of the SU (2) color group therefore a, b = 1, 2, 3. In Eq. (1) [39] , while for realistic high energy nuclear collisions the relation between the two quantities is less clear because one has to sum up over gluons produced with different transverse momenta, hence related to partons with different values of x in the nuclear wave function; in this case Q s /g 2 µ ≈ 0.6 for nuclear collisions at the RHIC energy [39] . Because of the δ (2) (x T − y T ) the fluctuations of the color charge density in the two CGC sheets are uncorrelated in the transverse plane.
On the lattice Eq. (1) is implemented by distributing the fluctuating color charges with variance given by
where a ≡ L x /N x = L y /N y is the lattice spacing, with L x , L y corresponding to the physical length of the lattice in the x and y directions respectively, while N x , N y denote the number of cells in the x and y directions; in this work we assume that L x = L y and N x = N y .
In the lattice implementation we remove the zero mode from the color charge density: physically this amounts to require that the net color charge carried by the distribution is vanishing; this is achieved by Fourier transforming ρ a (x T ) for each a, then constructing a new densitỹ ρ a (x T ) summing over all the Fourier modes but the zero mode. For the sake of notation we denote in the following by ρ a (x T ) the density obtained in this way, keeping in mind that it corresponds to a charge distribution that has been color neutralized. The static color sources {ρ} generate CGC fields that can be computed as follows. Firstly we solve the Poisson equations for the gauge potentials generated by the color charge distributions of the nuclei A and B, namely
(a similar equation holds for the distribution belonging to B). The Wilson lines are then computed as
and the pure gauge fields of the two colliding nuclei are given by
In terms of these fields the solution of the CYM in the forward light cone at initial time, namely the Glasma gauge potential, can be written as [8, 9] 
and the initial longitudinal Glasma fields are
while the transverse fields are vanishing 1 . On the top of the Glasma specified by Eqs. (8) and (9) it is possible to add gaussian fluctuations [20] [21] [22] [23] which are known to trigger instabilities and might be helpful to achieve isotropization as well as to produce entropy during the early stage of high energy nuclear collisions; in this article we study the Glasma in a static box therefore we use the definitions of [23] . Below we report the definitions of the longitudinal and transverse fluctuations in the continuum limit: the ones on the lattice can be obtained by extracting the trivial scaling of the physical quantities with the proper power of the lattice spacing a and the derivatives with central difference operators. Firstly, we define the auxiliary random fields {ξ i }, i = x, y, that are assumed to be white noise with variance
in addition to these we consider a random fluctuation in the longitudinal direction, again normally distributed with variance
We notice that the g 2 µ on the left hand side of the above equation has been introduced in [23] to balance the inverse length dimension carried by the δ(z − z ) on the right hand side: this is necessary in the case of the static three dimensional box but it does not appear the case of the expanding geometry [21, 22] where δ(η − η ), with η corresponding to the space-time rapidity, appears instead of δ(z − z ). The fluctuations of the electric field are then defined in the continuum limit as
These fluctuations allow to store part of the initial energy in the transverse color electric field, as well as to break the longitudinal invariance (the boost invariance in the case of the expanding geometry) that characterizes the Glasma fields in Eq. (8).
B. Classical Yang-Mills equations
In this subsection we describe how we study the evolution of the initial conditions specified above. The dynamical evolution that we study here is given by the classical Yang-Mills (CYM) equations. In this study we closely follow the work of [23] therefore we refer to that reference for more details; we write below the relevant equations in lattice units therefore the physical quantities do not carry any mass dimension.
The CYM hamiltonian density is given by
where the magnetic part of the field strength tensor is (15) here
)/2 corresponds to the central difference operator in the i th -direction, f abc = ε abc with ε 123 = +1. The equations of motion for the fields and conjugate momenta, namely the CYM equations, are
. (17) We solve the above equations on a static box in three spatial dimension, using the common fourth order RungeKutta method as in [23] . Although the method used in this work sounds a bit primitive in comparison with recent works that formulate the problem in terms of gauge links, see for example [22, 24] , the approach used here gives results that are in good agreement with these methods and we leave the more rigorous implementation of the numerical problem based on gauge links to a future work.
III. RESULTS: FIELDS AND PRESSURES
In this section we show our results obtained for the evolution of the Glasma in the case of a static box with a square cross section of side L. Our main goal is to study the color fields produced in high energy nuclear collisions, although within a simplified static geometry: we set the physical length of the box in the transverse plane to L = 2 fm; moreover, we consider g 2 µ = 1 GeV. We notice that although it would be possible to extend the numerical calculations in the static box up to g 2 µt 1, in the real collisions the longitudinal expansion would dilute the fields thus invalidating the classical approximation used here: previous studies with the expanding geometry show that dilution of the fields becomes important for g 2 µt = O(1), therefore for times g 2 µt O(1) particle quanta dynamically evolving in interaction with the classical fields should be introduced, see for example [24, 26, 27] . For this reason in this study we will focus to times ranging up to few units of 1/g 2 µ, that in physical units correspond to t ≈ 2 fm/c.
A. Fields
In Fig. 1 we plot the Glasma fields, averaged over the whole box, as a function of time measured in units of g 2 µ. All the fields are measured in units of (g 2 µ) 2 . Indigo lines correspond to the magnetic color fields and green lines to the electric color fields. Moreover, solid lines denote longitudinal fields while dashed lines correspond to the averaged transverse fields. The upper panel stands for the case without fluctuations, while the lower panel collects the results obtained adding gaussian fluctuations with the seed ∆ 2 = 2.2 × 10 −4 g 2 µa. We have averaged each component summing over color indices building up gauge invariant quantities: for example we have defined
and
similar definitions hold for the color electric fields. In the above equations N corresponds to the number of lattice sites
The results collected in the upper panel of Fig. 1 show that at the initial time the system is made of purely longitudinal fields; however, in a time range g 2 µt ≈ 0.5 the bulk structure of the fields is formed, with both longitudinal and transverse fields having reached their asymptotic value: in fact going on with time the evolution does not change drastically the value of the fields. The results correspond to a grid with N = 71 3 lattice sites with lattice spacing a equal to g 2 µa = 0.14.
In the lower panel of Fig. 1 we show the evolution of the classical fields with gaussian fluctuations in the initial condition. We notice the main effect of the fluctuations on the averaged fields is to have nonvanishing transverse electric fields at the initial time. Besides this the evolution of the fields follows that measured in case of the pure Glasma, with the bulk structure of the fields that is formed within g 2 µt ≈ 0.5.
B. Pressures evolution
For a system made of only classical color fields the longitudinal and transverse pressures are given by
with
At initial time P L /P T = −1 in the pure Glasma, see also below, and a hydro description of the fireball created in relativistic collisions would prefer that a nearly isotropic system is formed within a short time range ≈ 1 fm/c:
2 it is therefore interesting to address the question whether the classical evolution of the Glasma can produce a fairly isotropic system within this short amount of time.
In the upper panel of Fig. 3 we plot the pressures as a function of g 2 µt for the cases of the pure longitudinal initial fields, while in the lower panel we show the results for the case of gaussian fluctuations with ∆ 2 /g 2 µa = 2.2 × 10 −4 analogously to the data shown in Fig. 1 . In the figure, solid lines correspond to P L /ε and dashed lines to P T /ε.
We firstly comment on the case ∆ = 0. At initial time the Glasma consists of purely longitudinal fields therefore P L /P T = −1, see Eq. (21), and the system presents a strong anisotropy. However, the Yang-Mills evolution tends to remove part of this initial anisotropy by making the longitudinal pressure positive for g 2 µt ≈ 0.15. On the other hand, the interactions are not enough to isotropize the system, indeed at later times a strong anisotropy remains with P L P T in agreement with the static box case studied in [19] and similarly to what happens in case of a longitudinally expanding geometry [22, 24, 33] .
Turning on the gaussian fluctuations results in the increase of the initial value of P L , thanks to the presence of transverse electric fields in the initial state. For the case ∆ 2 = 2.2 × 10 −4 g 2 µa shown in Fig. 2 we find that the disturbances approximately add a 30% to the total energy. We notice that fluctuations are not enough to gain a considerable amount of isotropization within a short time range.
In Fig. 3 in which we plot P L /P T for several values of ∆: in particular, the maroon solid line corresponds to ∆ = 0; the brown dashed line to ∆ 2 /g 2 µa = 4.7 × 10
for which the energy carried by the fluctuations is ≈ 10% of the total energy; the dot-dashed orange line corresponds to ∆ 2 /g 2 µa = 2.2 × 10 −4 for which the energy In both panels the lattice specifications as well as the value of g 2 µ are the ones used for the data shown in Fig. 1 .
carried by the fluctuations is ≈ 30% of the total energy; finally, the green dot-dot-dashed line denotes the case ∆ 2 /g 2 µa = 5 × 10 −4 for which the energy carried by the fluctuations is ≈ 50% of the total energy. We notice that one of the effects of the fluctuations is to increase the value of P L /P T that is reached for g 2 µt 1: in fact, for ∆ = 0 the ratio of pressures remains positive but below ≈ 0.3 for almost all the range of time studied here, namely 0.5 g 2 µt 10 that corresponds to the physical time range 0.1 fm/c g 2 µt 2 fm/c. Small fluctuations do not change significantly this result, see the brown dashed line in Fig. 3 . For a more substantial amount of fluctuations the ratio of pressures in the aforementioned time range is larger: for example, 0.3 P L /P T 0.5 for ∆ 2 /g 2 µa = 2.2 × 10 −4 and 0.5 P L /P T 0.73 for In both panels the lattice specifications as well as the value of g 2 µ are the ones used for the data shown in Fig. 1 .
We thus obtain that in order to have a fairly isotropic system within a short time range it is important to have a substantial amount of fluctuations in the initial stage.
Before going ahead we would like to mention that the results collected in Fig. 3 lead to a picture that is consistent with the one discussed in [24] . As a matter of fact, quantum fluctuations have been considered in [24] for two values of the QCD coupling, g, and it has been found that for the relatively small value g = 0.1 the fluctuations are not enough to gain a substantial amount of isotropization in the early stage, while for the larger value g = 0.5 the instabilities affect in a more substantial way the early evolution of P L /P T and the final amount of isotropy grows up thanks to these instabilities. The results presented here confirm the scenario already anticipated in [24] and suggest that the early isotropization in the Glasma can be obtained via fluctuations-induced induced instabilities if fluctuations are large enough. Our numerical estimates suggest that if fluctuations carry about the 30% of the initial total energy then at later times P L /P T stays between 0.3 and 0.5, while pushing the initial energy fraction to 50% brings the amount of isotropy between 0.5 and 0.73. Calculations with different values of g 2 µ and a will be performed in the near future in order to establish the dependence of the results on these quantities. It will be interesting in the near future to use long time simulations of the classical Yang-Mills dynamics to explore the dependence of the isotropization times on the fluctuation seed: in the weak coupling scenario it is known that the time scale for the excitation of the secondary instabilities, which are responsible for the rise of P L /P T at very late time, depends logarithmically on the seed [29] : it will be interesting to check whether this dependence remains also for larger values of the seed.
IV. CORRELATION FUNCTIONS OF THE LONGITUDINAL FIELDS
In this section we compute the correlation functions of the longitudinal fields in the evolving Glasma: these quantities are important to understand the structure of the Glasma color strings and how this changes because of the CYM evolution. In particular, at the initial time the Glasma consists of longitudinal color strings that are (almost) uncorrelated in the transverse plane; on the other hand, the CYM evolution is capable to increase the correlation length in the transverse plane in a time range τ ≈ 1/Q s . The correlation functions of the magnetic field have been already studied in [36, 37] for the case of the pure Glasma. We present here the results for the magnetic as well as the electric correlations in the transverse plane for the cases without and with fluctuations, although we have found that the fluctuations do not have a substantial impact on the evolution of these correlators. Then we present our results for the case of the correlations of the magnetic field along the longitudinal direction, which have not been computed in [36, 37] and offer a way to discuss the string breaking in the Glasma: again, we present both the results with and without fluctuations. It is interesting to mention since now that this loss of correlation of the magnetic field at later times comes purely from the gluon dynamics, since in the model that we implement in the initial condition the fluctuations are added only on the top of the electric field, giving an infinite magnetic correlation length at the initial time both with and without fluctuations.
A. Correlation functions in the transverse plane
In the continuum limit the correlator of the longitudinal magnetic field reads
where x ⊥ corresponds to distance measured in the transverse plane and we have defined B z = F 12 = F a 12 T a . In the above equation U 0→x = P e −i Aidx stands for the parallel transporter along a straight line that connects the point x with the point x = 0, where P denotes the path ordering. In the continuum limit the path ordering would require to divide the path between two points into infinitesimally small paths, then compute the matrix exponential of the integral along each of these small paths and multiply these in order to build up the full path. In the numerical calculations the smallest path is of course that connecting two lattice neighbours points so the parallel transporter is implemented as follows: suppose we aim to compute U X1→X M along the x direction between two lattice points. We then have to compute the SU (2) matrix
where we remind A x is understood in lattice units and the argument of the exponential is a discretized version of the integral
Xj+1 Xj
A x dx. Then we use the generalized Euler identity for an SU (2) matrix to compute each of the exponentials in the path ordered expression (23) . For the electric field we compute a similar correlation function replacing B z with E z . On the lattice we define the average of the quantity O as
where x j denotes the j th lattice site and N is the number of lattice sites involved in the summation.
In Fig. 4 we plot the magnetic (upper panel) and electric (lower panel) correlation functions versus the transverse plane coordinate, for several values of time. Maroon solid lines corresponds to the correlators at initial time; green dashed lines denote that at g 2 µt = 2 and blue dot-dashed lines correspond to g 2 µt = 10. Lattice specifications and physical parameters are the same used for the data in Fig. 1 . We have checked that changing g 2 µ does not change qualitatively the results. We begin by discussing the result at the initial time: in fact the data for this correlator show a couple of interesting features. First of all we notice that the correlator decays at short distances, becoming negative for g 2 µx ≈ 0.4. Following [36] we fit this first portion of the correlator by the standard two-dimensional screened propagator,
in order to estimate the value of the screening mass m in units of g 2 µ: we find m ≈ 8.3 that implies a screening length for the magnetic modes, λ M , equal to g 2 µλ M ≈ 0.11. This result shows the existence of very tiny correlation domains in the transverse plane for the Glasma, with a transverse size much smaller than the characteristic length scale of the system given by 1/g 2 µ. The existence of this screening of the magnetic modes is in agreement with the one found in [36] where it has been related to the existence of sources and sinks of the magnetic field lines in the transverse plane.
The magnetic correlator at initial time becomes negative on a length scale, λ A , approximately given by λ A ≈ 0.4/g 2 µ: this result, in qualitative agreement with the one found in [37] , shows an anticorrelation in the initial Glasma that developes at λ A , meaning that walking on the transverse plane over distances of the order of λ A it is possible to cross domains in which the magnetic field flips its sign.
On the other hand at later times the situation changes both qualitatively and quantitatively. As a matter of fact, already for g 2 µt = 2 the anticorrelation disappears: within a very short time range the CYM interaction has been capable to align the fields within domains with transverse area (g 2 µ) 2 A T ≈ 1. Moreover, the fit with the two-dimensional propagator in Eq. (25) gives g 2 µλ M ≈ 0.22 showing that the CYM interactions have enlarged (in fact, doubled) the correlation domains of the magnetic fields, albeit these correlations domains are still microscopic since their spatial extension in the transverse plane is quite smaller than the typical size of a nucleon.
For the color-electric correlator shown in the lower panel of Fig. 4 we can perform a similar analysis: in this case we find that the initial correlation length is g 2 µλ E ≈ 0.82; the qualitative behavior of the electric correlator agrees with that of the magnetic one, in fact we find that anticorrelation develops for g 2 µλ A ≈ 1 at the initial time, and this anticorrelation disappears already for g 2 µt = 2. The electric correlation length does not seem to be very affected by the CYM evolution, indeed at g 2 µt = 3 we find g 2 µλ E ≈ 0.76 which, within numerical uncertainties, agrees with the value of the correlation length at t = 0.
For completeness, in Fig. 5 we plot the color-magnetic (upper panel) and color-electric (lower panel) correlators as a function of the transverse plane coordinate, for several values of time, in the case of the Glasma plus gaus-sian fluctuations with the seed ∆ 2 = 2.2 × 10 −4 g 2 µa that corresponds to that used in Fig. 1 . Maroon solid lines corresponds to the correlators at initial time; green dashed lines denote that at g 2 µt = 2 and blue dot-dashed lines correspond to g 2 µt = 10. Lattice specifications and physical parameters are the same used for the data in Fig. 1 . We remind that we study a three dimensional box and that the correlators are computed on the transverse plane, averaging over the volume of the box, therefore the results shown in Fig. 5 are obtained averaging over the contribution of all the transverse planes corresponding to different values of the longitudinal coordinate. We find that both the magnetic and the electric correlation functions are not affected in a substantial way by the gaussian fluctuations; we measure a small bump of the average of the electric correlator at small g 2 µx, but taking into account the dispersion of the data the behavior of the correlator with fluctuations is in agreement with that without fluctuations.
B. Correlation functions along the longitudinal direction
In Fig. 6 we plot the magnetic correlator as a function of the longitudinal separation z. The results are shown for the case without fluctuations. In panel (a) we plot the correlation function for selected values of time: maroon solid line corresponds to t = 0, green dashed line to g 2 µt = 0.25, indigo dot-dashed line to g 2 µt = 0.5 and blue solid line to g 2 µt = 10. On panel (b) we plot the ratio C M (z)/C M (0) for a larger set of times. Data shown for g 2 µ = 1 GeV, g 2 µa = 0.14 as in Fig. 1 and for a lattice 71 × 71 × 151. WIth respect to the lattice used in the previous sections we have built up a lattice that is longer along the longitudinal direction in order to study better these correlation functions. In Fig. 7 we arrange data shown in panel (b) of Fig. 6 in the form of a normalized correlator as a function of time for several values of the longitudinal separation. We show the normalized ratio C M (z)/C M (0) because this quantity allows us to describe more clearly the behavior of the correlations along the longitudinal direction. As a matter of fact, as it is evident from the data in panel (a) of Fig. 6 , at each time the value of C M (z) at the origin fluctuates in particular in the very early stage, because that corresponds to twice the average of the magnetic longitudinal energy which changes with time, see Fig. 1 : therefore, what is really important is the z−variation of the correlation function with respect to the value at z = 0 rather than its magnitude.
The data shown in Figg. 6 and 7 are interesting for several reasons. Firstly, we notice that although the magnetic field is z−independent due to the lack of longitudinal fluctuations, the correlation function at t > 0 is z−dependent. This might sound counterintuitive: in fact, B a z is z−independent due to the lack of fluctuations so one naively would expect the correlation function to be z−independent as well. However, we should remind that we compute the gauge-invariant correlator, C M , which differs from the naive one, C naive = B a z (0)B a z (z) , that would be z−independent; the two would coincide only if A z = 0 which in turn happens at t = 0 and explains why at the initial time C M does not depend on the longitudinal coordinate.
The difference among the two correlators is clearly given by the presence of the parallel transporter along the z direction, U = P e i z 0 dz Az(z ) . As a matter of fact, in the case without fluctuations both B z and A z are z−independent so [A z (z 1 ), A z (z 2 )] = 0 and path ordering gives the standard exponential matrix of the integral over the full path so we can write, for a straight path from 0 to z along the z direction (26) with τ a denoting the standard Pauli matrices in color space; then for each point in the transverse plane we are left with
where
noticing that B z does not depend on z the term B a (0)B b (z) is symmetric for the exchange of a and b and it suffices to compute the symmetric part of G ab (z); this is a straightforward calculation that can be performed by using the generalized Euler idendity for SU (2) matrices and it leads to
where a = c = d, and
We notice the explicit z−dependence of the matrix elements that can not disappear even after assuming a uniform random distribution of A z over the transverse plane. Also notice that in the limit A z → 0 then Sym G ab (z) → 1 and the z−dependence disappears: the correlator in this limiting case coincides with the naive one. As a further check of the numerical code we have verified that if we replace the parallel transporter with the unit matrix we obtain a z−independent correlation function at any time.
This result can be summarized in other words by saying that the statement that a z−indpedentent color-magnetic field gives a z−independent correlator is not gauge invariant unless A z = 0; if this was the case then the naive correlator would be gauge invariant and independent on the longitudinal separation. From the physical point of view, we interpret this result as the effect of the interaction of two gluon fields separated by z = Z with the background with A z = 0: this interaction screens the zero mode and causes the lowering of the correlator for a large value of g 2 µZ. We notice that for small values of g 2 µt the variation of the correlator at small z is slower than the one we measure for larger separation: for example, compare the maroon dots with the brown triangles up to g 2 µt = 0.3 in Fig. 7 (we easily get the same message from panel (b) in Figg. 6). On the other hand, for g 2 µt ≈ 0.3 the correlations at large separation slow down their variation and approach an approximantely constant value for a long time range, while correlations at small separation still evolve and decrease with time. This evolution seems to continue up to g 2 µt = 10. The picture that we read from the above results is that the classical gluon dynamics is capable to affect the long range gauge invariant correlations of the evolving Glasma, but only within a very short time range, while it affects the short range dynamics for a somehow larger time range. During the very early stage the Yang-Mills evolution lowers the long range correlations but it is not able to cancel them completely, leaving a residual long range order: most likely this will affect the particle production from the classical gluon field and it might be the reason of the ridge measured in proton-proton collisions.
We call the process described above as the partial gauge-invariant string breaking in the Glasma. In fact, at the initial time the Glasma is made of z−independent color-magnetic fields that develop along the longitudinal direction, almost uncorrelated in the transverse plane, so it looks like an ensemble of color strings that extend among the two nuclei: this system is characterized by a perfect long range order along the longitudinal direction. As the time goes on A z is formed dynamically and this results in a quick and partial loss of the gauge-invariant correlation of the longitudinal magnetic fields with z; this loss of correlation happens quickly for large separations while it is slower for smaller separations. Eventually this results in a residual long range order, with a correlation that is almost constant for large z but being approximately only the 30% of the correlation measured for small z. For this reason we say that the original Glasma strings have been partly broken in a gauge invariant way by the dynamics. We have verified that this evolution of the longitudinal correlator happens also for the electric correlation function, and that changing the longitudinal size of the box does not change qualitatively the results. The gauge invariant partial loss of correlation can be described also in the longitudinal momentum space. In Fig. 8 we plot the squared magnitude of the Fourier coefficients of the correlation function, the latter being defined as
where N z = 150 corresponds to the longitudinal lattice size and n is the discrete index representing a lattice site in the longitudinal direction. In Fig. 8 the main panel represents |C k | 2 for k ≥ 2 at different times, while for the sake of keeping the picture clear we have collected the results for |C 0 | 2 and |C 1 | 2 in the inset of the same figure. From these results we notice that at the initial time the only contribution to the correlator comes from the zero mode, which is obvious because at this time the field has no z−dependence. On the other hand, the dynamics lowers the zero mode coefficient very quickly; in fact, for g 2 µt ≤ 0.5 we find that |C 0 | changes approximately of a factor of 2 then it stays almost constant and nonzero. At the same time modes with k = 0 are populated and these are responsible of the acquired z−dependence of the correlation function. We notice that while the zeromode as well as the low momentum modes evolve mainly for g 2 µt 0.3, the higher modes have a relative substantial variation also for larger times. In the future we will perform simulations with larger lattices in order to have a better resolution of the Fourier transform of this correlation function. In Fig. 9 we plot the correlation function along the longitudinal direction, normalized to the value at z = 0, in the case fluctuations are added on the top of the Glasma with seed ∆ 2 = 2.2 × 10 −4 g 2 µa. We find that the correlations of the magnetic field are affected by the fluctuations. In particular, in the very early stage the main effect of the fluctuations is the damping of the oscillations that we have found for the case without fluctuations, compare Fig. 6 with Fig. 9 . For larger z we do not observe the freezing of the correlations that we have found without fluctuations; in fact comparing the data at g 2 µt = 10 in the two cases we notice that in the case of fluctuations the correlator at large z decreases to ≈ 15% of the value at z = 0, while in the case without fluctuations the correlator decreases to ≈ 30% of the value at z = 0. This suggests that fluctuations enhance the breaking of the color strings.
In order to put a firm statement on the enhancement of string breaking by fluctuations we have followed the evolution of the system up to a larger time for different values of the fluctuation seed. The results are collected in Fig. 10 Fig. 10 show that at a given large time fluctuation tend to lower the magnitude of the correlator; in fact in the case ∆ 2 = 2.2 × 10 −4 g 2 µa the correlation seems to vanish already for g 2 µz ≈ 1 whole being clearly nonvanishing for smaller values of ∆ as well as for ∆ = 0. We can then conclude that fluctuations accelerate the breaking of the Glasma strings. We remark however that g 2 µt = 50 corresponds to the physical time t ≈ 10 fm/c which is quite beyond the expected range of validity of the CYM approach that instead should describe the system up to t ≈ 1 fm/c; therefore, in realistic collisions the results in Figg. 6 and 9 suffice and we expect only a partial breaking of the Glasma strings to occur in these processes.
Concluding this section, we have found that the CYM dynamics leads to a partial loss of the gauge invariant correlation along the longitudinal direction (the naive correlator would be z−independent) even without fluctuations, and that fluctuations enhance the string breaking since they accelerate the degradation of the gauge invariant correlation function. We have shown the results for the color-magnetic strings: for the electric fields we have obtained similar results. It is useful to remark that these results have been obtained in simulations of the color fields in a static box: the effect of the longitudinal expansion on the correlations will be the subject of a forthcoming article.
V. CONCLUSIONS AND OUTLOOK
We have studied the evolution of the color fields produced in high energy nuclear collisions, namely the Glasma with gaussian fluctuations, by means of classical Yang-Mills equations that we have solved numerically on a lattice. Neglecting in this first study the longitudinal expansion, that we will consider in a near future work, we have followed the evolution of the pressures of the system and computed the effect of the fluctuations in the early stage, up to t ≈ 2 fm/c: this early stage roughly corresponds to the time range in which the classical YangMills dynamics is relevant for potential applications to high energy collisions.
We have considered one representative value of g 2 µ, namely g 2 µ = 1 GeV 3 and following the evolution up to g 2 µt = 10, that corresponds to a maximum physical time of t ≈ 2 fm/c: this time range is already beyond that in which the classical field theory description can have an interest for realistic collisions. We have set the transverse area to A T = 4 fm 2 . Among other things, this choice allows for a small lattice spacing even if the lattice size is not large. Since we solve the equations of motion applying periodic boundary conditions, the solutions found here should represent quite well also the evolution of the color fields in the central region of nucleus-nucleus collisions.
We have measured the ratio of the longitudinal over the transverse pressure, P L /P T , as a function of time; this quantity is usually taken as the reference for studying isotropization of the system, a perfect isotropy being achieved if P L = P T . We have found that unless the fluctuations carry a substantial amount of the Glasma energy density at the initial time, they do not change drastically the evolution of P L /P T in the early stage. For example, if the if the initial disturbances carry about the 65% of the energy to the Glasma then the system is capable to obtain a fair amount of isotropy, P L /P T ≈ 0.8 within g 2 µt = 1.
Our limited computing power does not allow us to perform long time runs, but it will be important to do these in the near future: in fact, it is well known that secondary instabilities trigger a rise of P L /P T at very large times in the case of small fluctuations size [29] , and that the time at which these instabilities become important depends logarithmically on the fluctuation size. Computing this in the future will be necessary to understand if the instabilities are the leading mechanism for the more efficient isotropization in case of larger fluctuation seeds, or if a collisional-like dynamics sets in. We will address this problem in a forthcoming article. For the time being we take our results as preparatory of a more complete work, emphasizing that what we have found suggests that it is possible that the classical Yang-Mills dynamics leads to a fairly isotropic state within a short time range, regardless of the actual mechanism used to produce the isotropy, but that in order to achieve this the fluctuations have to be large enough. This result might suggest that the fair amount of isotropy invoked in hydrodynamics simulations can be the consequence of an initial state in which fluctuations are substantial; on the other hand, we are forced to take this conclusion with a grain of salt, since it might put doubts on the use of the classical dynam-ics for the description of the early stage of high energy nuclear collisions: indeed, if fluctuations are substantial, and being them of a quantum nature, it might be not safe to apply a classical theory to describe the evolution of the system. The discussion of this complicated topic is however too far from the purpose of our simple work, therefore we limit ourselves to summarize our results and we leave the discussion to future works.
Finally, we have measured the color-magnetic and color-electric correlation functions. We have found a qualitative agreement with previous studies [36, 37] ; moreover, we have found that the gaussian fluctuations hardly affect the correlation functions. We support the idea that at the initial time the Glasma fields have anticorrelation in the transverse plane, and that the CYM evolution aligns the fields in a time range g 2 µt = O(1) on a transverse area (g 2 µ) 2 A T = O(1). A novelty that we have brought with our study has been that of the gauge invariant correlators along the longitudinal direction; these are important in order to address the question of the evolution of the color strings. We have found that also in absence of fluctuations in the initial state, the gauge invariant magnetic correlator decreases at large z; this is different from what happens to the naive, gauge dependent correlation function which instead remains z−indepentent. We call this phenomenon as the gauge invariant partial string breaking. The string breaking is related to the fact that at the initial time the correlation function along the longitudinal direction is z−independent so the field looks like a string that connects the two transverse planes, while this correlation function becomes z−dependent for t > 0 and in particular the correlation for large z is smaller than the one we measure near the origin. It is gauge invariant since it is obtained studying a gauge invariant correlation function; it is partial since we still find some correlation at large distance. We remark that this has been obtained for simulations of the classical dynamics of color fields in a static box: most likely these correlations will experience a more substantial decay in the expanding case that we will study in the near future. The difference between the naive and the gauge invariant correlation functions is given formally by the presence of the parallel transporter which in turn depends on A a z : this is zero in the initial state but it becomes nonzero because of the Yang-Mills evolution, therefore the propagation of the gluon field along the longitudinal direction is affected by the interaction with this A z background. We have found that the dynamics at large z is a bit faster than the one at smaller z: indeed, the correlations at large z evolve within g 2 µt 0.3 then correlations seem to freeze while those at small z still evolve in the full time range studied. We have confirmed this by the computation of the Fourier transform along the longitudinal direction, finding that while the zero-mode as well as the low momentum modes evolve drastically for g 2 µt 0.3, the higher modes have a relative substantial but slow variation also for larger times. In the future we will perform simulations with larger lattices in order to have a better resolution of the Fourier transform of this correlation function.
Finally, we have computed the effect of the fluctuations on the correlations along the longitudinal direction. We have found that fluctuations enhance this gauge invarant string breaking since they accelerate the decay of the longitudinal correlation function, see Figg. 9 and 10. However, we have found a substantial breaking of the color strings only for times that are well beyond the alleged applicability of the CYM approach to realistic collisions; it is likely that for these processes the results in Figg. 6 and 9 suffice to describe the correlations of the gluon fields in the early stage, thus that substantial correlation remains for large longitudinal separation and the Glasma strings are only partially broken even when fluctuations are included.
We think that the most important improvement of the work presented here is the introduction of the longitudinal expansion in order to describe more closely the early stage of the system created by the collision. In addition to this, we also would like to improve our simulation code by means of a parallelizzation that will allow us to perform the long time runs like those in [19, 20, 29] and study the interplay of the collisional dynamics with the Glasma instabilities. We plan to report on these topics in future works.
